Receptors for opiates have been classified into a number of types, including p, 6 and K , based upon pharmacological, electrophysiological and ligand-binding studies (Kosterlitz et al., 1983) . Only for the &-receptor, however, is there unequivocal evidence of its associated second messenger amplification signal. Demonstration that agonist occupation of 6-receptors leads to inhibition of adenylate cyclase (Sharma et al., 1975) was facilitated by the availability of cultured cell lines which express large numbers of opiate receptors (Klee & Nirenberg, 1974) of 6-specificity (Chang & Cuatrecasas, 1979 ) on their cell surface. A wide range of hormones and neurotransmitters are known to exert at least some of their effects by modulating the activity of this enzyme (Rodbell, 1980; . Two guanine nucleotide-binding proteins are known which modulate the system, namely Ns and Ni, the stimulatory and inhibitory N proteins (see Table 1 ). 1984) consisting of a unique cr-subunit which is a high-affinity guanine nucleotide-binding protein, functions as a GTPase, and is subject to toxin modification, and apparently identical 0-and y-subunits which modulate the activity of the &-subunit.
Ns has been purified and extensively studied (Sternweis et al., 1981; Northup et al., 1983a, b ; Codina et al., 1984) , largely because of the availability of a mutant S49 lymphoma cell line (Bourne et al., 1975) functionally deficient in this activity (Ross & Gilman, 1977) and because the a-subunit is a substrate for ADP-ribosylation catalysed by cholera toxin (Gill & Meren, 1978) , which produces an irreversible activation of the system.
Ni proved less amenable to study except kinetically (Rodbell, 1980) until Ui and collaborators (Katada & Ui, 1979 Kurose et al., 1983; Murayama & Ui, 1983) showed that the &-subunit of Ni is a target for ADPribosylation by a toxin produced by Bordetella pertussis. Pertussis toxin (islet-activating protein)-catalysed ADPribosylation of Ni leads to stimulation of adenylate cyclase. Ni has now been purified from a number of sources (Bokoch et al., 1984; Codina et a l , Milligan & Klee, 1985) and extensively studied (Katada et al., 1984u, b, c). (Koski & Klee, 1981) .
Opioid-mediated inhibition of adenylate cyclase is reciprocally related to the opioid-induced stimulation of a low-K, GTPase (Koski & Klee, 1981 ; Koski et al., 1982) .
That this action is via a &-opiate receptor is shown by the fact that the binding of [3H]DALAMID to membranes from the cell NG108-15, which has similar affinities for both p-and &-receptors, is eliminated after pretreatment with low concentrations of fentanylisothiocyanate, a 6 -opiate-selective acylating agent (Rice et al., 1983) , but not by benzimidazoleisothiocyanate, a p-opiate-selective acylating agent (Rice et al., 1983) . Also, Tyr-D-Ala-Glymethylphenyl-gly-ol, which binds to p-sites at concentrations several hundred-fold lower than to &-sites, inhibits adenylate cyclase only at very high concentration in the NG108-15 cell membranes (R. A. Streaty, G. Milligan & W. A. Klee, unpublished work) .
Effects of pertussis toxin
When NG 108-15 cells are incubated overnight with pertussis toxin and membranes then prepared from them, high-affinity GTPase activity is decreased and there is no longer an opioid stimulation of this activity. Coincidentally, adenylate cyclase activity is increased but the opioidmediated inhibition of the activity is attenuated. Toxintreated membranes no longer possess a substrate which can be ADP-ribosylated with [32P]NAD and pertussis toxin in vitro. Similar treatment of control membranes results in labelling of protein migrating as a band with molecular mass near 40kDa on radioautography of sodium dodecyl sulphate/polyacrylamide gels of the proteins.
Opiate-receptor affinity for [3H]DALAMID is decreased after pertussis toxin treatment and is no longer sensitive to guanine nucleotides. These observations indicate that opiate receptor-Ni interactions are diminished after pertussis toxin-catalysed ADP-ribosylation of Ni. Even after exhaustive and complete toxin treatment, inhibitory modulation of adenylate cyclase function is never fully abolished. The significance of this residual activity is not yet completely understood.
Other receptors which normally also mediate inhibition of adenylate cyclase, including muscarinic cholinergic, a2 -adrenergic and somatostatin receptors, are similarly modulated (Burns et al., 1983; Kurose et al., 1983; Hsia et al. 1984) .
NG 108-15.
Effects of cholera toxin
Cholera toxin catalyses the ADP-ribosylation of a doublet of proteins with molecular mass 46 kDa and 48 kDa in membranes of NG 108-15 cells, the presumed a-subunits of Ns. It does not modify Ni. However, after treatment of cells in vivo with cholera toxin, ribosylation of the a-subunit of Ni by pertussis toxin in vitro is diminished. Conversely, cholera toxin-catalysed ADP-ribosylation of the a-subunits of Ns is stimulated in membranes of cells which have been pretreated in vivo with pertussis toxin.
Membranes of cholera toxin-treated cells still display opiate-mediated inhibition of adenylate cyclase but the extent is reduced in comparison with control membranes. These observations suggest that Ns and Ni may interact with one another. It has recently been reported that purified 0-adrenergic receptors can be coupled to Ni to reconstitute a GTPase activity, even though 0-receptors are normally stimulators of adenylate cyclase and therefore coupled to Ns (Asano etal., 1984) . Thus, crosstalk between receptors and inappropriate N proteins can occur, although the efficiency of these interactions is unclear (Cerione et al., 1985) .
Ni
To study the interactions between opiate-receptor and Ni we purified Ni from bovine brain (Milligan & Klee, 1985) , using modifications of previously published protocols . Bokoch et al., 1984 . We reasoned that brain should be a rich source of Ni because of the extraordinarily high adenylate cyclase activity of the tissue and the large numbers of inhibitory receptors present. The purified pertussis toxin substrates consist of a doublet in the a-region with molecular mass 40 kDa and 39 kDa, consistent with the findings of other workers (Sternweis & Robishaw, 1984; Neer et al., 1984) . Approx. 70% of the purified protein is the 39 kDa form. The 0-region, on close examination, is also found to consist of a doublet as has previously been reported (Sternweis & Robishaw, 1984) with molecular mass 36 kDa and 35 kDa (the 36 kDa form being the predominant band) and there is a y-subunit with molecular mass < 10 kDa.
The 40 kDa and 39 kDa a-subunits are likely to represent different gene products rather than post-translationally modified forms of one another, as they can be distinguished by a polyclonal antiserum, CW6, raised against bovine transducin (Pines et aZ., 1985) . This antibody, which recognizes Ni from human erythrocytes (Gierschik et d., 1985) , reacts almost exclusively with the 40kDa Ni asubunit rather than the 39 kDa form (Pines et al., 1985) . It is likely that the 39kDa form is the a-subunit of No, a guanine nucleotide-binding protein of unknown function (Sternweis & Robishaw, 1984) , which has been shown to have major sequence homologies with the N-terminal portion of' the a-subunit of transducin, the outer rod segment guanine nucleotide-binding protein, and regions of partial homology with the ras gene products (Hurley et al., 1984) . A number of other tissues besides brain, including rat fat-cells and rabbit heart, have been shown to possess both 40 kDa and 39 kDa pertussis toxin substrates (Malbon et al., 1984) . Although the function of No is yet to be elucidated, several Ca2+-mobilizing receptors have been shown to be modulated by guanine nucleotides. It is possible that No participates in this process, which is often inhibited by pertussis toxin (Nakamura & Ui, 1984; Okajima & Ui, 1984) .
The N proteins purified from bovine brain, when freed from detergent, display a low-K, GTPase activity, albeit a relatively weak one (-0.3 mol of GTP hydrolysed/min per mol of protein). Affinities for nucleotides are in the order GppNHp > GTP > GDP > ATP, CTP, UTP, GMP.
Eadie-Hofstee analyses of the substrate concentration dependence of the GTPase activity are curvilinear, which may reflect different affinities of the two species of asubunit present in the preparation. Neer et d . (1984) have found the 39kDa a-subunit form to be the more active enzyme.
Linear Eadie-Hofstee plots are generated when assays are performed in the presence of 50mM-Na+. It has long been recognized that Na' is essential to demonstrate receptor-mediated inhibition of adenylate cyclase and Na+ specifically stimulates the GTPase activity. Mg2+ may play Vol. 13 BIOCHEMICAL SOCIETY TRANSACTIONS 1 a dual role, as EDTA (1 mM) but not EGTA completely abolishes the GTPase activity, suggesting that these is a high-affinity Mg2+ binding site. Sunyer et al. (1984) recently reported a Mgz+ stimulation of human erythrocyte Ni with an ap arent K, of 5-15nM. Higher concentrations of Mg", however, inhibit the bovine brain NiGTPase, with half-maximal effects at approx. 5 0~~.
Reconstitution experiments
The isolation of the cyc349 lymphoma variant cell line (Bourne el al., 1975) , which is functionally deficient in Ns, (Ross & Gilman, 1977) , was instrumental in the study and isolation of Ns as it provided an assay for this protein. A similar mutant for Ni has not been found, but membranes of cells treated in vivo with pertussis toxin are functionally Ni deficient. We (Milligan & Klee, 1985) and others (Katada et al., 1 9 8 4~) have utilized this system to show that the purified Ni can functionally reconstitute receptor-mediated inhibition of adenylate cyclase. Incubation of membranes from pertussis toxin-treated NG108-15 cells with purified Ni restores opiate inhibition of adenylate cyclase to levels near those of untreated membranes (Fig. 1) . Opiatestimulated low-K, GTPase activity, which is largely abolished by treatment of these cells in vivo with pertussis toxin, is restored by Ni using similar protocols ( Table 2 ). The amounts of N proteins required for reconstitution of inhibitory receptor function are small; half-maximal effects are achieved with approx. 10 nM . Further reconstitution studies using purified receptors, N proteins and catalytic subunit are indicated (Cerione e f al., 1984) .
The similarities between individual members of the N protein family suggests that they might be able to substitute, at least partially, for one another in reconstitution experiments. Ni has been shown to couple to fl-adrenergic receptors in place of Ns (Asano et al., 1984) , and photolysed rhodopsin, the light receptor associated with transducin, stimulates the GTPase activity of the a-subunit of Ni as well as of transducin in the presence of the fly subunits derived from either Ni or transducin . Pertussis toxin-dependent ADP-ribosylation of the &-subunits of Ni or transducin is negligible in the absence of fly-subunit Tsai et al., 1984) Membranes ( 7 . 2~8 ) derived from NG 108-15 cells which had been pretreated with pertussis toxin were incubated in 50p1 of non-radioactive GTPase reaction components ( Koski & Klee, 1981) for 15 min at 3OoC with or without Ni and 1 0 p~-DALAMID in the presence of 0.04% sodium cholate. After this time [y3'P]GTP was added (6.6 x lo4 c.p.m.) in 501-11 of HzO and incubation allowed to proceed for an additonal 15 min at which point released Pi was measured. Non-specific GTPase was subtracted from these results by including a series of assays containing 1 0 0 p~-G T P .
Results are the means * S . E . of quintuplicate determinations. 
